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Column 16, line 38, add 



A new concept of an orbiting combustion nozzle 
(OCN) engine is presented in which the power is 
provided by a rotating combustion chamber expanding 
through rotating nozzles, generating a continuous 
torque and rotating together as one unit. The air is 
supplied to the combustion chamber from a compressor 
rotating with the combustion chambers in the same 
angular velocity, eliminating the conventional 
stationary compressor diffuser and turbine nozzle guide 
vanes, A compact engine is thus attained, having the 
low pollution and continuous combustion advantages of 
a gas turbine with fewer components and more cost 
effective, 

A thermodynamic analysis results in specific 
power and thermal efficiencies higher than those of 
conventional gas turbines while using combustion 
STATIC temperature lower by \40°K than 
contemporary gas turbines. Hie significance of this on 
emission and reliability is self-evident. 

AJso 9 the part load performance of this engine is 
superior to a conventional cycle gas turbine which is a 
great advantage in many applications- 





IF* Nomenclature 


c p - 


specific heat at constant pressure 


Cp - 


average value for the progress range 


C - 


absolute velocity 


c v - 


specific heat at constant volume : 


E - 


energy input 


*r - 


reaction force 


k - 


Cp/Cy 


m 


mass flow 


M - 


Mach number 


P - 


pressure 


P.R - 


pressure ratio 


R - 


universal gas constant 


T - 


temperature 


u 


orbital velocity 


w 


relative velocity 
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Suffixes - 



E 


— a rt"t Silent 


C 




e 


exit , 


Ji 

Q 




is 


isentropic 


n 




R 


- relative 


s 


- static condition 


th 


- thermal 


t 


- total stagnation condition 


u 


- - tangential component of velocity 


X 


- actual conditions at nozzle outlet 


2 


- compressor outlet conditions 


3 


- nozzle inlet conditions 


4 


- nozzle outlet conditions 


Greek 

i 


*1 


» efficiency 


P 


- gas density 


Ap 


- combustion chamber pressure loss 



h Introduction 



in a conventional gas turbine cycle, air is 
compressed by a compressor rotor and its dynamic 
energy at the compressor exit is diffused by a stationary 
diffuses This diffusion creates a pressure loss of about 
10% of the rotor tota^ pressure, thus decreasing the 
compressor efficiency and the net work of the gas 
turbine. 

Further, exiting the diffliser the air h introduced into 
the combustor in which combustion gas is expanded 
through the turbine to generate power. Since the 
combustor is stationary, the gas is accelerated again 
through stationary vanes to match the rotating blade 
inlet conditions. In doing so, there is an extra Joss of 
total pressure and a decrease of turbine efficiency 
mainly due to friction losses and aerodynamic vortices 
in the zone between vanes and blades. Thus, turbine 
efficiency is impaired - reaching only 85% in small gas 
turbines. 

The combined losses of the turbine and compressor 
efficiencies result in a reduced performance of the gas 
turbine - up to 35% reduction (for high pressure ratio 
cycle) in net power, compared to the OCN performance, 
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which due to its unique design eliminates the above 
lasses. 

Furthermore, to avoid losses due to shock waves, 
the conventional turbine is not designed to operate in 
supersonic inlet blade conditions, thus the pressure ratio 
per turbine stage is limited (about 2.5). Consequently, 
in conventional high pressure ratio turbines, there are 
several stages - stationary and rotating, while the OCN, 
having no inlet guide vanes and not limited to expand 
higher pressure ratios with a high efficiency up to 4:1 
with one stage, has fewer expansion stages (turbines). 

2. Description ~ Fig. 1 1 

Ambient air is sucked into a compressor [1]. The air 
is compressed to the desired pressure and rotational 
speed in axial stages and then in a centrifugal stage. 

Air exiting from the compressor rotor [2] is not 
diffused to stationary conditions but fed through 
rotating vanes into a rotary combustor [4] thus: 

• Eliminating pressure loss as in a conventional 
difruser, resulting in higher compressor efficiency, 
(gain of about 5% for a pressure ratio of 20:1). 

* Reaching a higher pressure ratio with the same 
number of compressor stages compared to a 
conventional compressor - due to the iow relative 
velocity of the compressor exit flow. Usually m 
conventional compressors, the pressure ratio is 
limited to avoid supersonic flow in the diffuser inlet. 

Air exiting into the rotary combustor is mixed with 
fuel and the mixture is burnt in lower static pressure 
then in a conventional cycle. The swirling air helps in 
vaporizing the fuel. Its relative velocity is kept low by 
choosing carefully the compressor outlet conditions. 
Combustion efficiencies are designed to be between 98- 
99.8% and pressure drops less than 6% of the in Jet 
relative pressure. 

The hot gases are expanded now through rotary 
nozzles [5] which provide the energy to drive the 
compressor - a much less enthalpy drop is required than 
from a conventional turbine due to the higher expansion 
efficiency in the rotating nozzles. No stationary vanes 
are needed to expand the hot ga£ from stagnation 
conditions into rotating blades. This results in: 
* A high adiabatic efficiency of the rotating nozzle - 

over 90%, 

- Due to the high pressure ratio capability of the 
rotating nozzle - one stage is required for a pressure 
ratio of 4:1. 

» The combustion chamber static temperature is lower 
than in a conventional cycle (about 125 & C lower) for 
the same power output Fig. 1 1 ^ 
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Exiting the rotating nozzles the gases have a certain 
swirl which is straightened by stationary diffbser vanes 
as in a conventional gas turbine. 

The exit velocity depends on the cycle parameters 
and the engine type. In high pressure ratio turbojet and 
turbofan applications the pressure behind the rotating 
nozzle h kept at about 2 bars' by adding a thrust nozzle, 
and thus the exit macb number is kept subsonic while in 
high pressure ratio turbo-shafts exiting into ambient 
conditions the flow may be transonic. In this case a 
power iurbink [3] may be added and the OCN engine 
would serve as a gas generator. 



3, Thermodynamic Cycle Analysis 

Appendix A details the thermodynamic analysis. 
The equations derived are used to calculate the 
performance of the engine as detailed in the various 
performance curves. 

Fig. 12 shows the OCN cycle in the T-S diagram, in 
comparison to conventional cycle. The total pressure of 
the compressor is kept the same for both- cycles [this 
results in higher total temperature for the conventional 
cycle due to its lower compressor efficiency.] 

Obviously, axial compressor stages are added in front 
of the centrifugal, the latter is limited to a pressure ratio 
of S:l due to mechanical strength limitations. 

Two different OCN cycles are analyzed and compared , 
to the conventional cycle-[ A-B-C-D ] 

* A-B1-C1-E-D1- Heating the gas in the 2 cycles 
[having the same compressor pressure ratio of 20] to 
the same total temperature [1300°K] results in 
higher power output for the OCN cycle. This k 
obvious from the larger net area in the T-S diagram 
which results from the higher compressor and 
turbine efficiencies. Since the heat input for the two 
cycles is about identical, the net result is higher 
efficiency [34% against 29%] and higher specific 
power [21 OkW against 181 kW] for the OCN cycle. 

* A-B2-C2-F-D2- Heating the gas in the OCN cycle 
to a total relative temperature identical to the 
stagnation m\et turbine temperature in the 
conventional cycle > a higher turbine enthalpy drop is 
obvious in the diagram for the OCN cycle. This is 
due to its higher efficiency. Even though the heat 
input is higher, the net work is higher for the OCN 
cycle which makes it more efficient. [Efficiency is 
now 35% and specific power is 256 kW], The 
detailed analysis further shows it clearly, as may be 
calculated fromFig. I Ifbr this specific case. 
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4, Performance Analysis 

Figs. 13, 14 show the design point performance of 
the OCN cycle for a gas turbine with an airflow of 1 
kg/sec and a relative nozzle mlet temperature of 1 000 & K 
and I300 D K. Compressor efficiency is 5% higher than 
in conventional compressor efficiency for the same 
pressure ratio. Nozzle expansion efficiency is also 5% 
higher than in conventional turbines for the same 
expansion ratio. The variable parameters are RR - total 
compressor pressure ratio, and u - nozzle orbital 
velocity. 

it is evident from these figures that there is an 
optimum value of u for a fixed P.R which results in the 
maximum efficiency and another value for maximum 
specific power. Taking a design point of u » 500 m/sec 
(an acceptable value for superalloys), Cu-=400m/sec, a 
nozzle inlet relative temperature of 1300 6 K and a PJFt of 
20, the net thermal efficiency is 35% and the power is 
256 kW/kg/sec. 

Increasing the pressure ratio up to 36 [ by adding 
more compressor stages in front ] while the rotating 
velocity is 600 m/sec results in an efficiency of 383%. 

Figs, 15, 16 depict the OCN versus the conventional 
cycle performance in various turbine [nozzle] mlet 
temperatures. For example [see C , D] a conventional 
cycle with the same PJR. and the same turbine inlet 
stagnation temperature of 1300% but with 5% reduced 
efficiencies' for both compressor and turbine the 
performance is: Power - 181 kW/kg/sec; Efficiency - 
29%. > compared to 35% and 256kw of the OCN engine. 

Figs. 15, 16 also show the OCN and conventional cycle 
performance when the speed [and pressure ratio] are 
constant and the mlet temperature changes, in the OCN 
cycle the efficiency drops mildly [from 35 to 29%] with 
the specific power when the temperature drops from 
1300°K to 1000% while the efficiency of the 
conventional cycle for the same temperature reduction 
drops to 8%. [see E, Fj. This is a significant advantage 
of the OCN cycle in reduced temperatures in contrast to 
the poor efficiency of conventional gas turbines. 

Analyzing the cycle for high pressure ratio turbojet 
or turbofan engineFigs, 17, 18 we arrive at the same 
relative improvement compared to a/conventional cycle 
for specific thrust and S.F.C. values. This superior 
performance coupled with reduced weight and cost 
make this engine far more cost effective than a 
conventional gas turbine. 

The advantage of the OCN engine compared to the 
conventional cycle is thus significant in nozzle inlet 
temperatures between 1000°K - 1400°K, [Actually, 
even at inlet temperature of 1600°K the efficiency gain 
is still 2.5%]. 

• The thermal efficiency is higher by 4%-21% 
[absolute va&e] 
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» The specific power is higher throughout the full 
temperature range by 50-100 % 

* The low temperature performance is attractive 
compared to a conventional cycle. 

• The static turbine [nozzle] inlet temperatures are 
lower by 140 Q K for the same power requirement 
(See Fig, 15 line D-D') . < 

5, Part Joad performance 

Figs. 19, 20 describe the part load performance of 
an industrial OCN gas turbine with a free turbine when 
its design point is: 

Compressor F.R ~ 24 

Turbine relative total inlet temperature ** 1300°K 
Airflow - 2.7 kg/sec 

Decreasing its turbine inlet temperature the gas 
generator main shaft speed decreases too, while its free 
turbine speed is kept constant 

Due to the high adiabatic efficiencies of 
compression and expansion there Is only slight decrease 
of thermal efficiency [from 35% to 27%] when the load 
decreases to 30% of its load at 1300°K, In the 
conventional cycle the thermal efficiency drops ta 17% 
for 30% load. 

The above advantages decrease with higher total 
temperature or m lower pressure ratio. This makes the 
OCH engine attractive for industrial turbines for 
electrical energy generation where the long life 
requirements dictate low turbine inlet temperature, for 
heavy vehicular use where the part joad efficiency is 
most important and for small efficient aircraft engines 
where the size and weight are important, a market 
dominated for over a 100 years by heavy piston 
engines. 



Conclusions 

1. The OCH engine cycle is superior to the 
conventional cycle up to a turbine [nozzle] inlet 
temperature of 16001c both in specific power and 
efficiency. This advantage decrease in higher 
temperature or iower pressure ratio. 

2. The OCH engine offers a solution to a new power 
propulsion concept, presenting a compact 
configuration t having a specific power and thermal 
efficiency better than conventional gas turbines. 

3. Due to its higher compression and expansion 
efficiencies the OCH engine thermal eificiency is 
high even at a 30% load, which is a considerable 
advantage compared to conventional gas turbines. 
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4. The OCN engine delivers the same power as a 
conventional gas turbine with a lower turbine 
[nozzle] inlet temperature of about 14G°K- 

5. Having fewer compressor and turbine stages for the 
same total pressure ratio the OCN engine has lower 
weight, less volume, and lower cost. 

6. The OCN engine is thus a better cost effective 
engine suitable to various applications Jn particular, 
due to its flat curve, the OCN engine is a better 
power plant for . smalt aircraft, gas turbines, and 
vehicular use such as cars and trucks. 
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OCN PERFORMANCE CALCULATION 
Power 

The power is derived by computing first the reaction 
force Fr which is: 

where: 

m - the nozzle exhaust flow rate 

u - the rotating tangential nozzle velocity 

W4 U - the exhaust gas tangential velocity 

c u - absolute tangential nozzle inlet velocity 

W3U— U3~C3u - relative tangential nozzle inlet 
velocity. 

The turbine power is the product of 

and for wj H — 0 f 
Note: 

In thecal of an axial inlet into the nozzle - in the 
relative space - V»V=0 , and we carry further the 
calculation with this assumption, but it can be shown 
that the calculation result for the value of W3 U is 
identical for any value of w 5u . 

The net power is derived by subtracting the 
compressor power P c from the nozzle power Pn 

Ftm — P n "~Pc 
The compressor power P c , for m = 1 kg/sec is 
derived by calculating the enthalpy change across the 
compressor: 




(2) 



in Which; 

7j c - adiabatic compressor efficiency 

77^ - mechanicaJ compressor efficiency 

T) f - compressor inlet total temperature 
- compressor outlet total temperature 
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F u - compressor inlet total pressure 
P v - compressor outlet total pressure 

The nozzle power P n is also derived from 
thermodynamics as follows:- 

in Which: 

- nozzle total inlet temperature 
Tm - nozzle total outlet temperature. 

may also be expressed by: 



(3) 



2C* 



r 4f 5=8 7*4* + 



2C^ 



(4) 
(5) 



Where: 
Thus: 



static temperature at nozzle outlet 
relative total temperature at nozzle inlet. 



.2 > 



3* + 



L\ P J \ P 

Combining Eqs. (1) and (4) results m:[for Ikg/sec] 

..2 



(5) 



2C 



(7) ' 



If the exhaust velocity Js tangential then 
and 



(8) 



Including the nozzle efficiency results in: 

W4 2 = (^-A; f )-2C ? ^ n W 

Where — isentropic static temperature at nozzle 

exit 

Calculating T^ s is done by evaluating the diffuser 
performance. Total pressure at the dif&rser outlet is the 
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ambient pressure. Assuming the exit velocity is null and 
the diffuser efficiency is 100%: 



Jfc-1 



(10) 



Where M4 is the local static Mach number at the 
differ Inlet and is derived from its definition: 



M 4 = 



Equation (9) may be expressed as a function of the 
pressure ratio across the "nozzle 

2C» T 3R 



A 



(12) 



Combining Eqs. (10), (11) and (12) results in a 
single expression for the nozzle exit velocity: 



1— 



(tl 



k 



Art 



2C- 



(13) 



Which may be solved mathematically once the 
values of u are chosen and introduced. 

The diffuser efficiency value decrease the calculated 
nozzle exit velocity w according to the definition of 
efficiency: 



(14) 



to its actual value w x . 
Hence: 

Now the value of w x is used to calculate the net power 
using Eq.(l), 

The value of p ZR Which is the total relative 
pressure at the nozzle inlet is calculated by subtracting 
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the combustion pressure drop AP from the value of 
p 1R Which is the relative total pressure at the 
compressor exit and is calculated as follows: 




Where: 

P2i - total pressure at the compressor exit and is 
determined by the choice of the pressure X 

T<it - temperature at compressor exrt 

C2u - tangential component of compressor exit 
velocity. 
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ThermaJ efficiency catenation 
net power output_ 
thermal p ower input 

The thermal power input is invested in the ftjel 
injected into the combustion chamber raising the 
temperature from T 1R to T ZR Where T 2R h derived 
from Eq, (1 5): 

Hence the thermal power input h: 
Vcom 

Where rj com is the combustion efficiency. 

[ntroducmg the net power output from Eq. (1) the 
thermal efficiency is: 
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Calculation Sequence 

input- T 3R ; rj c \ n m \ c 2u ;u; 



1 


Find P c 


Eq.(2), 


n 


Find P2itandP3R 


Eq. (15)) 


in 


Find w 4 


Eq.(13). 


rv 


Find w x 


Eq.(14) 


V 


Find Net power 


Eq. (1). 


vr 


Find 
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After Sheet 12 of 12 - FIG. 10, Add 



Fig: 11 _ OCN Turbo shaft Engine - Example 

Kkt Power=630 kW; ni=54,O0O rpm; 02=45,000 rpm 

G=2.7 Kg/sec; Compressor P.R.=16; T„ m t>„star=1260"K; Thermal Efficler>cy=35°/o 
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Fig. 12 _ OCN T-S Diagram 



line style Cycles Efficiency 


Power 
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210 kW 


85% 


92% 


OCN, T R -13O0 Q K = A~E~B2-C2-&2~D2 35% 


256 kW 


85% 


92% 


Compressor P.R = 20; u - 500 m/sec; Cu - 400 m/sec. 
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Fig* 14 O.C.N SPECIFIC POWER 

Design paint analysis 



Cu=o.BU 
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Fig* 15 - O.CJN AND CONVENTIONAL GAS TURBINE SPECIFIC POWER 

P.R-20 U=5QE> ni/secCU =400 m/sec 
350 -i 1 1 1 




_so i 1 1 1 

TURBINE [NOZZLE ] INLET TEMPERATURE -°K 



Fig- 16 - O.C.N AND CONVENTIONAL GAS TURBJNE EFRCIENC 
P.R-20 U~500m/sec Cu=400nVsec 




-30 J 1 1 1 

TURBJfsiE[ NOZZLE] INLET TOTAL TEMPERATURE* 
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Fig. 17 O.C.N TURBOFAN S .RC„ 

&0t> rnfacc Cu «500 m/sec F.R. «= 16 *FT*rus^ Noszie pressure rails -1.6 Fan pressor* patio -1.8 
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Fig* 18 OX,N TURBO FAN THRUST 
IN600 mfeec Cu=500 m/se& P.R-16 Fan.P.R=1.8 THRUST NOZZLE 
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Fig, 19 - EFFECT OF PART LOAD ON THERMAL EFFICIENCY 

OCN DESIGN POINT: CPJLKM; TURBINE MLET TEMPERATURE- J300°K; AIR FLOW^2_7 fcg/sec 
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Fig. 20 EFFECT OF part LOAD ON POWER 

OCN DESIGN POINT CP.R-24; TURBINE INLET TEMPERATURE— t 300°^ AIR FLOW-2,7 kg/sec 
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Fig 1 1. Velocity Triangles 
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Fig. 21 
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